Air-Cherenkov telescopes have mapped the Galactic plane at TeV energies. Here we evaluate the prospects for detecting the neutrino emission from sources in the Galactic plane assuming that the highest energy photons originate from the decay of pions, which yields a straightforward prediction for the neutrino flux from the decay of the associated production of charged pions. Four promising sources are identified based on having a large flux and a flat spectrum. We subsequently evaluate the probability of their identification above the atmospheric neutrino background in IceCube data as a function of time. We show that observing them over the twenty-year lifetime of the instrumentation is likely, and that some should be observable at the 3 σ level with six years of data. In the absence of positive results, we derive constraints on the spectral index and cut-off energy of the sources, assuming a hadronic acceleration mechanism.
Introduction
The IceCube experiment has discovered a flux of high-energy neutrinos from extragalactic sources with an energy density similar to that observed for gamma rays [1] . The observation underscores the important role of sources accelerating protons that produce similar energy in photons and neutrinos, which are the decay products of neutral and charged pions, respectively.
The present data cannot exclude a subdominant flux of Galactic origin in the IceCube data [2] [3] [4] [5] . Unidentified sources [6] , Fermi bubbles [2, 7, 8] , and Sagittarius A * [9] have been reviewed as potential Galactic sources. However, the general conclusion is that these sources can account for a fraction of the events detected. Specifically, the possibility that the hot spot close to the Galactic Center (GC) is produced by a single point source with a flux normalization of 6 × 10 −8 GeV cm −2 s −1 has been excluded [10, 11] . In a map of the northern Galactic plane obtained with Milagro data, six promising neutrino sources were identified in Refs. [12, 13] . The IceCube Collaboration has carried out extensive searches for point and extended sources in Ref. [14] , reporting evidence with a significance of 2.5 σ, when the six Milagro sources are considered together [14] .
In the previous study, Ref. [11] , the authors revisited the prospects for observing the three confirmed Milagro sources and re-evaluated the probability and constraints in light of the low-energy cut-off reported by the Milagro collaboration [15, 16] . The authors concluded that more than 10 years of running IceCube is necessary to yield a discovery at the level of 3σ. In the case of the source MGRO J1908+06, evidence at 3σ could be obtained in seven years assuming values of the spectral index and the cut-off energy that are in good agreement with the best fit reported in [15] .
In this paper, we will update the theoretical predictions using the observation and flux measurements reported by HAWC, ARGO-YBJ, and air Cherenkov telescopes (ACT) VERITAS and HESS. Most importantly, with a detector superior to Milagro, the HAWC experiment has confirmed only four of the six sources [17, 18] : MGRO J1908+06, MGRO J1852+01, MGRO J2031+41, and MGRO J2019+37. For these, we will construct a gamma ray spectrum based on all information available and evaluate the neutrino flux. Subsequently, we will compute the number of signal and background events as well as the p-value for observing the sources as a function of time. Finally, we will determine exclusion limits on a flux of hadronic origin in the absence of an observation. Our main results can be summarized as follows:
• MGRO J1908+06: Although historically classified as a pulsar wind nebula (PWN) and currently as an unidentified source, its large size and hard spectrum in TeV photons suggest that it may be a supernova remnant (SNR). SNRs are suspected to be the sources of the highest energy cosmic rays in the Galaxy. We re-evaluate the probability of observing the source using the flux reported by HESS and anticipate a 3σ observation in about 10 years of IceCube data. However, the answer depends on the actual threshold of the specific analysis. By increasing the energy threshold, IceCube has the potential to observe MGRO J1908+06 at the some statistical level with only six years of data. A lack of observation in 15 years of IceCube data will indicate that MGRO J1908+06 is not a cosmic-ray accelerator.
• MGRO J1852+01: In the original Milagro map of the TeV sky, this source missed the statistical threshold for candidate sources. It has now been conclusively observed by HAWC and is a potential neutrino source considering its relatively large flux. Since the proper study of spectrum and extension of the source have not been performed by HAWC, we have studied the neutrino flux under different assumptions for the source's extension and spectrum. We find that IceCube should see this source in 5 years of data provided that the source is not extended. However, if the source is extended, 15 years is required to reach a significant level of observation.
• MGRO J2031+41: Due to the uncertainties associated with the origin of the flux of the Cygnus cocoon and γ-Cygni, a complete picture of this source is missing. Its extension and other TeV emissions in its vicinity have made it difficult for ACT experiments like VERITAS to measure the TeV flux from this source. Although previous studies indicated that observing the source would be challenging [11] , using recent ARGO-YBJ and Fermi data, we argue that neutrino observations at the level of 3σ may be possible in 10 years of IceCube data.
• MGRO J2019+37: We present an update on the neutrino observation from this source based on the spectrum measured by VERITAS, which has provided up to now the most precise measurement for the spectrum of the source up to 30 TeV. We show that IceCube is likely to observe the source in 15 years. This source is currently classified as a PWN. Thus, the detection of neutrinos from this region could point towards the production mechanism of neutrinos in a PWN as described in Ref. [19] .
Milagro sources
After confirmation by HAWC [17, 18] , the Milagro sources that we consider in this analysis are, as mentioned above, MGRO J1908+06, MGRO J1852+01, MGRO J2031+41, and MGRO J2019+37. In this section, we summarize the experimental information on these sources.
MGRO J1908+06:
The source MGRO J1908+06 has been detected by large-acceptance air-shower detectors (EAS) like the Milagro experiment, see Refs. [16, 20, 21] , and the ARGO-YBJ experiment [22] . This source has been detected also by ACTs, like HESS [23] , which finds a spectrum with no evidence of a cut-off for energies < 20 TeV. The HESS detector reports a flux systematically lower than the Milagro and ARGO-YBJ data. With better angular resolution, it could be that HESS detects the flux from a point source that is not resolved by the Milagro and ARGO-YBJ observation. MGRO J1908+06 has also been recently detected by VERITAS [24] , and the flux reported is of the same order as the one measured by HESS. Also, the value recently reported by HAWC points towards a similar normalization [17] .
We report in Table 1 the extension for MGRO J1908+06 observed by HESS, VERITAS, and ARGO-YBJ, while in Table 2 we report the flux measured by HESS and VERITAS. In Fig. 1 , we have compiled the spectra for MGRO J1908+06 from the different experiments.
Finally, note that Fermi-LAT observes the pulsar PSR J1907+0602 within the extension of the Milagro source MGRO J1908+06 [25] . On the other hand, the large size and hard spectrum in TeV photons of MGRO J1908+06 are not characterstic of a PWN and perhaps consistent with a SNR. SNRs are suspected to be the sources of the highest energy cosmic rays in the Galaxy [26] , see also Ref. [27, 28] .
MGRO J1852+01: In the original Milagro survey, its statistical significance fell just below the statistical threshold to be a candidate source. With its recent observation by HAWC [18] MGRO J1852+01 becomes a plausible neutrino source candidate. The primary study of the six Milagro sources in Ref. [12] suggested that this source, due to its large flux, could considerably increase the probability of detecting neutrinos in IceCube in five years. The flux from a 3 × 3 degree region around MGRO J1852+01 is given by dN/dE = (5.7 ± 1.5 stat ± 1.9 sys ) × 10 −14 TeV −1 cm −2 s −1 at the median detected energy of 12 TeV, assuming a differential source spectrum of E −2.6 [29] . In Table 1 and Table 2 , the information on this source is summarized, while in Fig. 3 we show the best-fit spectrum from the Milagro collaboration.
MGRO J2031+41: The flux from MGRO J2031+41 has been measured by Milagro [15, 20, 21] ; the measurement cannot distinguish between a power law and a power law with cut-off. This is also the case for the ARGO-YBJ observations [30] . The two experiments have comparable angular resolution. The flux measured by ARGO-YBJ [30] for this source is compatible with the one reported by Milagro, which extends to energy below 1 TeV.
In general, ACT experiments report much smaller fluxes for this source. Indeed, measurements by MAGIC [31] , HEGRA [32] , and Whipple [33] can account for just a few percent of the Milagro flux. The source has been recently studied by the VERITAS collaboration, which has reported a flux comparable to the one reported by MAGIC. In the current picture [34] , there are several sources contributing to the emission of MGRO J2031+41: the cocoon, the γ-Cygni SNR, VER J2019+407, and TeV J2032+4130. The latter has been detected by both VERITAS and MAGIC. In conclusion, a complete picture and understanding of this source is still not given. New data have been presented by the ARGO-YBJ detector in Ref. [35] , where the authors suggest identifying ARGO J2031+4157 as the TeV-energy counterpart of the Cygnus cocoon. For this reason, they report the best fit not only considering the ARGO-YBJ data but also including in their fit the Fermi-LAT data from the Cygnus cocoon. This results in a harder spectral index with significant consequences for the neutrino prediction. Since leptonic processes could contribute to the cocoon emission at the energies detected by Fermi-LAT, we might expect the purely hadronic component of MGRO J2031+41 to lie somewhere between the two fits obtained by the ARGO-YBJ collaboration. We report in Table 1 the extension of MGRO J2031+41 as given by the ARGO-YBJ experiment, while in Table 2 we show the fluxes obtained with and without the inclusion of the Fermi-LAT data in the fit. In Fig. 5 , we report the spectra for MGRO J2031+41 from different experiments. Note that we do not report the measurements by HEGRA [32] and Whipple [33] , but these are in agreement with the MAGIC results.
MGRO J2019+37: The flux of the source MGRO J2019+37 has been measured by Milagro, see Refs. [15, 20, 21] , reporting a power-law with energy cut-off as best fit. This source has not been detected by the ARGO-YBJ detector, which instead set 90% C.L. upper bounds on the flux [30] . Additionally, a limit on the flux at 115 TeV has been inferred through the CASA-MIA experiment [36] .
The Milagro source MGRO J2019+37 has been recently detected by VERITAS. In Ref. [37] , the collaboration reported two sources in the region of MGRO J2019+37: the faint point-like source VER J2016+371 and the bright extended source VER J2019+368. This second source is likely to account for the bulk of the Milagro emission. The VERITAS collaboration reported a very low spectral index for this source on the order of 1.75, between 1-30 TeV. We list in Table 1 the extension for MGRO J2019+37 as given by VERITAS and the Milagro 2012 release, and in Table 2 the value of the flux reported by the VERITAS experiment. In Fig. 6 Table 3 : Angular opening and normalization for the flux considered in the analysis. The angle is defined as σ eff ≡ σ 2 ext + σ 2 IC , where σext is the extension of the source reported by the collaboration (see Table 1 ), while σ IC ≡ 1.6 ∆ξ IC , with ∆ξ IC = 0.4 • , is the IceCube angular resolution. For the source MGRO J1908+06, we will use the normalization given by HESS, compatible with the one reported by VERITAS; see Table 2 for the specific values.
J2019+37 from different experiments.
Gamma rays and neutrino flux
Perfoming a fit to the the gamma-ray flux using the parametrization
the neutrino fluxes at Earth can be described by the following expression [38, 39] :
where
The number of throughgoing muon neutrinos from a source at zenith angle θ Z is given by Ref. [12] :
where we have summed over neutrino and antineutrino contributions. We will use the IceCube neutrino effective area reported in Ref. [14] .
Results
Based on the updated information from gamma-ray experiments described in the previous section, we revisit the prospects for observing neutrinos from these sources with IceCube, using the effective area for the 86-string detector configuration [14] . This study updates a previous study of three of the sources [11] using Milagro [15, 16] and ARGO-YJB (2012) measurements [30] . For related studies of the neutrino emission from Milagro sources, see also Refs. [12, 36, [40] [41] [42] [43] [44] .
The new information from gamma-ray experiments turns out to be important for a better parametrization of the flux of the gamma-ray sources. The uncertainties in the normalization and spectrum of the sources can result in important variations in the prediction of the neutrino fluxes. In this context, using updated data is important to make more reliable predictions and more appropriate interpretations of potential IceCube observations.
After calculating the neutrino flux, we compute the number of through-going muon neutrinos in IceCube. These have been produced inside or below the detector by neutrinos that have traversed the Earth. Any background of cosmic ray muons has thus been filtered out and only atmospheric neutrinos remain as a background for the northern hemisphere sources in a detector located at the South Pole. For each source, we fix the flux normalization to the best-fit values listed in Table 2 . The expected number of muon neutrinos per energy bin are shown in Figs. 1, 3, 5 and 6 for the four sources considered in the analysis. For MGRO J1908+06, we have fixed α γ = 2, consistent with the value reported by HESS, and we have varied the cut-off energy from 30 TeV up to 800 TeV. For MGRO J1852+01, besides assuming α γ = 2, we have also considered α γ = 2.6 because this is the spectrum assumed by the Milagro collaboration. For MGRO J2031+41, we have considered the best-fit values for α γ provided by the ARGO-YBJ collaboration, considering also the case in which the Fermi-LAT data have been added to the fit. Finally, for MGRO J2019+37 we have considered the case of α γ ∼ 1.75, the best-fit value reported by the VERITAS collaboration.
To calculate the number of background atmospheric neutrino events, we have integrated the atmospheric flux [45] over an opening angle Ω = πσ 2 eff around the direction of the source, where the angle σ eff = σ 2 ext + σ 2 IC . The values of σ ext , the physical extension of the source, are reported in Table 1 , while σ IC ≡ 1.6 ∆ξ IC . The angular resolution of the IceCube detector ∆ξ IC is 0.4
• at the energies relevant for this analysis [46] . This angular radius correspond to a solid angle that contains roughly 72% of the signal events from the source; see also Ref. [47] for a discussion. The difference in the neutrino fluxes assuming an extended and point source is important as can be seen from Table 3 , with the biggest difference between these two assumptions for MGRO J1852+01.
We have subsequently estimated the statistical significance for observing the sources using the analytic expression [48] :
where q obs 0 is defined as
Here, Y b is the theoretical expectation for the background hypothesis, while N D is the estimated signal generated as the median of events Poisson-distributed around the signal plus background. We have considered the total number of events (not binned in energy) to have a closer prediction to what is done in the IceCube point-source searches [14] .
In Fig. 2 , we show the results for MGRO J1908+06. For this source, recent ACT data have reported a spectral index α γ that is compatible with ∼ 2. Despite the fact that the ACTs' normalization is smaller than the one previously reported by Milagro, the hard spectral index makes the source an interesting candidate for neutrino detection. For this reason, we also estimated how the p-value depends on the threshold energy that can be reached in a realistic analysis. We find that a 3σ discovery is possible in six years, if an energy threshold of about 5 TeV can be reached in the analysis, and that the spectrum extends to E cut,γ of 800 TeV. For the more conservative case that E cut,γ ∼ 300 TeV, as expected for galactic sources able to explain the cosmic-ray spectrum up to the knee, then an energy threshold of about 10 TeV would be required. Obtaining a 3σ discovery at a specific energy threshold will indicate a particular value of the cut-off energy E cut,γ .
In Fig. 4 , we show the statistical significance for MGRO J1852+01. For this source, due to the lack of data, not only is the spectral index poorly known but also the morphology of the source, whether extended or point-like, is uncertain. For the point-like hypothesis, a 3σ discovery can be reached in six years, independently of the energy cut-off E cut,γ and spectral index α γ of the source, while more than 10 years are required if the source is extended.
In Fig. 5 , we show the p-value for MGRO J2031+41. As explained in detail in the previous section, the origin of the gamma-ray emission from this source is not understood. Using the best fit obtained by the ARGO-YBJ collaboration in conjunction with the Fermi-LAT data, we find that a 3σ discovery is possible with 10 years of IceCube data. If this is indeed realized, the IceCube data not only would point towards a hadronic emission at TeV energies for MGRO J2031+41 but would help clarify the origin of the gamma-ray emission from the cocoon.
In Fig. 6 , we show the statistical significance for MGRO J2019+37. A detection of neutrinos from this source would be extremely interesting since it might point towards the mechanism described in Ref. [19] for neutrino production in PWNs. For this source, we expect to obtain a 3σ discovery in roughly 15 years. Future data from HAWC on the spectrum of this source are important to confirm the hard spectral index, on the order of α γ ∼ 1.75, reported by the VERITAS collaboration.
The Milagro collaboration has presented results on the energy spectrum of these sources obtained by unfolding of the data [15] . It is obviously important for other experiments to confirm the presence of a low-energy cut-off that they consistently find in the analysis of every source. In this context, the constraints that IceCube can set in the plane (α γ ,E cut,γ ) with future data are important and complementary. We have therefore estimated the constraints set on α γ and E cut,γ in the absence of a signal after 15 years of exposure with the complete 86-string IceCube detector. We have integrated the number of events from 1 TeV to 1 PeV in neutrino energy E ν and defined the confidence level, C.L., as in Refs. [48] [49] [50] [51] :
with P (s+b) and P b the p-values for the signal plus background and background-only hypothesis of the data, respectively; see Ref. [11] for details. The results for the expected C.L. are presented in Fig. 7 for the four sources considered in this paper and for a running time of t=15 years. We have fixed the normalization to the best fit reported in Table 2 , while we have varied the values of the spectral index α γ and the cut-off energy E cut,γ . As shown in the figure, for MGRO J1908+06, IceCube is able to constrain a major part of the values for α γ reported by the HESS detector. In particular, for a spectral index as hard as α γ ∼ 2, values of E cut,γ greater than 100 TeV could be excluded at 95% C.L. For MGRO J1852+01, IceCube will exclude all the parameter space with E cut,γ greater than 30 TeV at 95% C.L. For the source MGRO J2031+41, the allowed region of α γ obtained considering ARGO-YBJ plus Fermi-LAT data will be excluded at 99% C.L., independently of the value of E cut,γ . Finally, for MGRO J2019+37, considering the standard value of E cut,γ of 300 TeV, hard values of the spectral index with α γ < 2 will be excluded at 95% C.L.
As mentioned above, the Milagro collaboration has reported a low-energy cut-off in the spectra of the sources MGRO J1908+06, MGRO J2031+41 and MGRO J2019+37 [15, 16] . In this case, the combinations of α γ and E cut,γ that could be excluded at 95-99 % C.L. using future IceCube data are important because they can independently probe the presence of a low-energy cut-off.
Conclusions
The highest energy survey of the Galactic plane has been performed by Milagro. This survey has identified bright sources in the nearby Cygnus star-forming region and in the inner part the Galaxy. Initially, the sources showed the expected behavior of PeVatrons. PeVatrons are the sources of cosmic rays in the "knee" region of the cosmic-ray spectrum that are expected to be sources of pionic gamma rays whose spectrum extends to several hundreds of TeV without a cut-off. Gamma rays from the decay of neutral pions are inevitably accompanied by neutrinos with a flux that is calculable.
In this paper, we re-evaluated the probability of observing four promising Milagro sources in IceCube. We used the updated information from air-Cherenkov and air-shower array experiments to estimate the flux of neutrinos. The prospects for observing these sources in IceCube is highly entangled with discrepancies in the detailed fluxes and morphologies measured by different experiments. Moreover, the uncertainty of the nature of these sources makes it more difficult to understand the observed spectrum. Different spectra and morphology of the sources correspond to different production mechanisms.
It should be noted that the discrepancy between measurements may arise from the difference in angular resolution between air-shower arrays and air-Cherenkov telescopes as well as from the range of energies in which they operate. Future results from HAWC will help resolve these discrepancies and reveal more information about the sources.
If the gamma rays are hadronic in origin, observation of an accompanying neutrino flux is likely over the lifetime of the IceCube experiment. Evidence from IceCube of neutrinos associated with these sources will greatly help in unraveling the nature of the sources. We show in purple the data by HESS [23] , in red the one from VERITAS [37] , and in cyan the one from HAWC [17] . In blue we show the previous flux measurements by Milagro [20, 21] , while the solid orange line and the shaded orange area show the best fit and the 1σ band as reported in Ref. [16] by Milagro. The dotted area is the ARGO-YBJ 1σ band [22] . With green lines we show the spectra obtained considering αγ = 2 and fixing the normalization to the best fit reported in Table 2 , where we also allowed the cut-off energy to vary: Ecut,γ = 30, 300, and 800 TeV (short-dashed, solid, and long-dashed lines, in green). Right panel:
We show the corresponding number of events for these spectra. The gray band encodes the uncertainty on the cut-off energy. With the black (gold dashed) line, we show the background from atmospheric neutrinos for extended (point-like) sources. [29] , which assumed an E −2.6 spectrum. With green lines we show the spectra obtained considering αγ = 2 and fixing the normalization to the best fit reported in Table 2 , where we also allowed the cut-off energy to vary: Ecut,γ = 30, 300, and 800 TeV (short-dashed, solid, and long-dashed lines, in green). Right panel: Number of events for the spectra reported with green and blue lines in the left panel. The gray band encodes the uncertainty on the cut-off energy. With the black (gold dashed) line, we show the background from atmospheric neutrinos for extended (point-like) sources. The black points show the data reported by ARGO-YBJ in Ref. [35] , while the dotted region is the one reported in Ref. [30] . The previous flux measurements by Milagro are shown in blue [20, 21] , while the orange/yellow area denotes the the power-law model/the power-law model with cut-off as reported in Ref. [15] by Milagro. With the purple band we report the measurements by MAGIC [31] . We report in red and grey the results from the VERITAS detector [34] . With green/magenta lines we show the spectra obtained fixing the parameters to the best fit reported in Table 2 for the case without/with Fermi data. In the case without Fermi data, we also allowed the cut-off energy to vary: Ecut,γ = 30, 300, and 800 TeV (short-dashed, solid, and long-dashed lines, in green. With red points, we report the VERITAS data [24] . With blue lines, we report the previous flux measurements by Milagro [20, 21] , while the continuous orange line and the shaded orange area represent the best fit and 1σ band [15] as reported by Milagro. The 90% C.L. upper limits from ARGO-YBJ are shown in black [30] , and the inferred CASA-MIA bound [36] is shown with a black star. With green lines we show the spectra obtained fixing the parameters to the best fit reported in Table 2 , where we also allowed the cut-off energy to vary: Ecut,γ = 30, 300, and 800 TeV (short-dashed, solid, and long-dashed lines, in green). 
